to demonstrate the accuracy and the efficiency of the proposed method. Moreover, the convergence tests are performed to illustrate the effect of different parameters on the accuracy. It can be concluded that both the degree of the temporal basis functions and the number of the Fourier mode should be increased with the permittivity or the permeability increasing.
I. INTRODUCTION
Recently, reconfigurable antennas have been increased the development in devices because of their ability to dynamically provide frequency, pattern, and polarization agility in a single antenna with the advantages of improved signal reception, reduced size, and low cost. Reconfigurable antennas have been realized by placing switching elements such as MEMS [1] , varactor [2] , and PIN diodes [3] on the antenna ground plane or radiator element. Polarization diversity antennas can mitigate the fading caused by multipath scenarios and inclement weather and thus are beneficial in satellite, mobile, and wireless communications systems. Implementing polarization reconfigurablity to increase channel capacity is also attractive in MIMO systems [4] . In recent years, many reconfigurable microstrip patch antennas [5] - [7] , slot antennas [8] , [9] , and monopole antennas [10] were proposed to achieve polarization, frequency, and pattern reconfiguration. However, to the best of our knowledge, only four polarization reconfigurable printed monopole antennas are reported from which only two are circularly polarized (CP) [11] , [12] . In [13] , an L-shaped slot is created on the ground plane of the monopole antenna. Two copper pads (as switches) are used on the microstrip feed line and the L-shaped slot. The antenna generates vertical polarization when both switches are ON and horizontal polarization when both switches are OFF. In [14] , one of the two orthogonal meandered elements is excited by a copper pad that connects to the microstrip feed lines. Depending on which element is connected to the feed line, pattern reconfigurablity of the antenna is achieved. In [11] , a planar UWB monopole/slot with polarization reconfigurablity is reported. Two vertical rectangular slots are embedded in the planar radiating element and four conducting strips across the slots are proposed to switch polarization from linear polarization (LP) to right-hand circular polarization (RHCP) or left-hand circular polarization (LHCP). Although UWB matching performance is achieved for LP, this degrades for CP states. Conducting strips were used for proof-of-concept in this case. In [12] , a polarization reconfigurable monopole antenna consisting of two orthogonal meandered arms, a feeding network with a Wilkinson power divider, two 90
• phase shifters, and a defected ground plane is reported. The phase shifters, controlled by 6 PIN diodes, provide 0
• , 90
• , and −90
• phase difference between the antenna arms resulting in switchable LP, RHCP, and LHCP for the monopole antenna.
In this communication, we propose a simple polarization reconfigurable printed monopole antenna for WLAN applications. It provides linear polarization as well as both RHCP and LHCP. The planar monopole is augmented by conducting strips, which connect to the ground plane using PIN diodes. It is less complex than [11] , [12] and has the advantage of avoiding diodes in the radiating element, with the benefit of using only two PIN diodes and a simple feed arrangement. To explain the CP mechanism and antenna concept, two copper pads are used initially. The pads are replaced by PIN diodes at a later stage and the antenna is slightly modified to minimize PIN diode and associated circuit effects. Key parameters are studied that show how polarization configurability is optimized. Fig. 1 shows the antenna geometry and its dimensions. The antenna is printed on a Taconic substrate of dimension 35.2 mm × 67.5 mm × 1.52 mm with εr = 3.5 and tan = 0.0018. The antenna consists of a rectangular-shaped planar monopole arm and a rectangular-shaped ground plane. The ground plane is augmented with two 3-mm wide strips (S l and Sr) and separated by 1.75 mm (g) from the upper edge of the ground plane. A small strip (p) of width 1.5 mm is used to reconfigure polarization by connecting the ground plane to the strips. The antenna is fed with a 50-Ω microstrip line (3.5 mm wide) and optimized for circular polarization at 2.4-GHz. When the ground plane and strips are not connected, the induced surface current on the ground plane horizontal edges and the strips are in phase but oppositely directed, therefore cancel, leaving only the vertical surface currents on the monopole arm and ground plane, generating a linearly polarized wave. When the ground plane is connected to one of the strips, the surface current on the ground plane and the strips are rearranged, so that the resultant currents on the strip upper edge and ground plane lower edge are in the same direction (strip lower edge current cancels with ground plane upper edge) and form the horizontal component needed for CP generation. Fig. 2 shows the antenna surface currents with and without the copper strip (p). When the ground plane is connected to the right strip (Sr), the antenna realizes RHCP in the +Z direction. When connected to the left strip (S l ), LHCP is achieved in the same direction. Because the location of the connection (p) is symmetric with respect to the center of the coordinate system, i.e., x = 0, all the properties [axial ratio (AR) [15] , S11, gain, efficiency, etc.) of the RHCP and LHCP antennas are the same except radiation patterns which are mirrored.
II. ANTENNA DESIGN AND ANALYSIS

A. Antenna Structure and CP Mechanism
B. Parametric Study
The parametric study is based on simulation using the CST MWS time-domain solver. As with all printed monopoles, the radiation is generated by currents on the antenna as a whole, so all components must be optimized. The ground plane is optimized for the intended CP frequencies and if a larger ground plane is employed, the AR and S11 will degrade and the radiation properties will change. In particular, the AR shows greater sensitivity to ground plane width because of the horizontal component dependence. The antenna AR is particularly sensitive to the length of the strips S l , Sr, the gap g, and the location d where the strips connect to the ground plane. The S11 is also affected by the same parameters. Fig. 3(a) and (b) shows the sensitivity of the S11 and AR to variation in d. The effect of changing the length of Sr and S l (for d = 11.5 mm on the S11 and the AR is presented in Fig. 4(a) and (b) , respectively. The gap (g) between the strips (also the monopole) and the ground plane is another key parameter in the optimization. The AR and S11 dependence on g (for d = 11.5 mm) are shown in Fig. 5(a) and (b) . While the antenna is optimized for AR at 2.4 GHz, the S11 of the CP antenna is only −9 dB. To improve the matching, a 3.5-mm wide strip with a length of a is added to the upper edge of the ground plane directly behind the feed line. This strip improves the matching without any changes in AR. Fig. 6 shows the effect of the strip length, a on the S11 for both CP and LP scenarios and efficiency for the CP antenna. As shown in Figs. 3-5 , the AR and S11 are heavily dependent on the parameters, d, g, Sr, and S l , which are key in providing equal magnitude of horizontal and vertical components as well as the required phase-time difference. 
C. Antenna With PIN Diodes and Biasing Circuit
A PIN diode is employed on each side of the antenna which replaces the copper strip p. This allows polarization switching from RHCP to LHCP and vice versa when one PIN diode is forward biased. The antenna is LP when both PIN diodes are OFF. The PIN diode (SMP1320-011LF) and biasing circuit are shown in Fig. 1(c) . A 1.5-V button battery (SR44) is used to power the diode. R1 is used as current limiter; L1 is an RF choke and C1 is a dc block. In CST, the PIN diode is simulated as a 0.75-Ω resistor and 1.5-nH inductor when forward biased (ON). When reverse biased (OFF), it works as a 0.75-Ω resistor and 0.23-pF capacitor, as specified in the data sheet. In this design, the PIN diode connects to the ground plane, thus minimal loss is introduced. Although the upper strip works as the RF ground, C1 needs to be added to remove the dc potential difference. The replacement of the copper strip with one PIN diode in the ON state causes a downward frequency shift in both S11 and AR due to the additional capacitance as shown in Fig. 7(a) and (b) . This can be rectified by making minor changes to either of the key parameters studied previously. Here, for simplicity, Sr and S l are shortened by 1.9 mm. The introduction of the PIN diode also influences the radiation pattern direction and decreases the gain across the AR bandwidth at θ = 0
• . A peak CP gain of 1.74 dBic at θ = 0
• , ∅ = −5 is realized for the antenna with copper strip, while the antenna with PIN diodes achieves a gain of 1.55 dBic at, θ = 325
• , ∅ = −15
• . The maximum radiation efficiency is −0.18 dB for the copper case and this drops to −0.23 dB with the PIN diode in circuit at 2.4 GHz. The total efficiency also decreases slightly across the 3-dB AR bandwidth, e.g., at 2.4 GHz, the simulated total efficiency drops from −0.38 dB (copper strip) to −0.5 dB (PIN diode). 
III. RESULTS AND DISCUSSION
The prototyped antenna is shown in Fig. 8(a) and (b) . Fig. 9(a) and (b) shows the measured and simulated S11 of the proposed reconfigurable antenna in the LP, RHCP, and LHCP configurations. The measured and simulated AR for RHCP and LHCP antennas are shown in Fig. 10 . The measured and simulated S11 bandwidth for the LP configuration is from 1.91 to 4.00 GHz (70%) and from 1.95 to 3.80 GHz (64%), respectively. The RHCP and LHCP antennas have an identical simulated S11 bandwidth of 22% (2.00-2.50 GHz). The measured −10 dB S11 band covers a range from 2.00 to 2.52 GHz (23%) and 2.10 to 2.54 GHz (19%) for RHCP and LHCP, respectively. The simulated 3-dB AR for both RHCP and LHCP configurations is 7% (2.30-2.47 GHz) and the measurement results show a 3-dB AR from 2.34 to 2.46 GHz (4.5%) in the RHCP case and of 4.4% (2.33-2.44 GHz) for the LHCP case. • with a measured peak gain of 1.2 dBic at 315
• . The measured beamwidth in the LHCP configuration was 110
• with a realized peak gain of 0.6 dBic at 40
• . Measured values for the AR and radiation patterns, in all configurations, were obtained in the broadside direction, i.e., θ = 0
• . There is a good agreement between simulation and measurement. Fig. 13(a) represents the simulated and measured gain for LP case. Fig. 13(b) shows the simulated realized gain of the CP antenna with copper strip and also the measured and simulated boresight gain for RHCP and LHCP configurations. The PIN diodes are simulated as ideal lumped components without considering the actual P-I-N junction and depletion region. This results in a gain drop between measured and simulated realized gain.
IV. CONCLUSION
A simple low-cost printed monopole antenna with polarization reconfiguration for WLAN applications is proposed. It can provide LP as well as RHCP or LHCP configurations using only two PIN diodes. The diodes connect to the ground plane minimizing their influence on radiation characteristics. The antenna has a measured AR bandwidth of 4.5% and 4.4% for RHCP and LHCP configuration, respectively. The measured realized gain is 1.2 dBic, 0.6 dBic, and 0.5 dBi for the RHCP, LHCP, and LP configurations at 2.4 GHz.
I. INTRODUCTION
The finite-difference time-domain (FDTD) [1] , [2] modeling of wave propagation in dispersive materials started from the early 1990s [3] - [5] . Luebbers et al. first proposed in 1990 the frequency-dependent FDTD [(FD)2TD] solution based on the recursive convolution (RC) technique [4] , [5] . The numerical dispersion error of the above scheme is discussed in [6] . Later on, different approaches have been taken to convert the frequency-dependent constitutive relation into timedomain field update equation, including the Z-transform [7] , piecewise linear recursive convolution (PLRC) [8] , direct integration (DI) [9] - [11] , JE convolution (JEC) [12] , and auxiliary differential equation (ADE) [13] methods. The bilinear transform (BT), as a special case of Mobius transformation, has also been successfully used in the FDTD simulation of wave propagation in isotropic dispersive materials [14] , [15] and chiral media [16] .
The extension of FDTD into anisotropic dispersive materials can be traced back to the use of (FD) 2 TD method in solving wave propagation problems in magnetized plasma [17] . Later, many other researchers have explored different techniques for improvements in this area [18]- [26] . For example, the piecewise linear current density recursive convolution (PLCDRC) method in [19] was found to be more accurate than the original RC method. The JEC implementations in two-dimensional (2-D) and three-dimensional (3-D) magnetized
